The kinetics of oxygen transfer between Ga-Ga 2 0 3 composite electrodes and the solid electrolyte calcia-stabilized zirconia, Zr0 2 (CaO), were studied with the symmetric, galvanic cell, over the tempexature range from BOO to 900°C. Chronopotentiometric studies were conducted using current densities from 0.3 to 130 llA/cm 2 to obtain overpotentials for faradaic oxidation and reduction reactions at the A linear dependence of the overpotential I on current density was obtained, corresponding to a localel~ctrode resistance of 3.B ohm per cm 2 of electrode-electrolyte interface at BOO°C. The data is in agreement with a solution-diffusion mechanism of oxygen transport through liquid Ga in the electrode between the Zr0 2 (CaO) electrolyte and Ga 2 0 3 particles.
Major areas of concern in kinetics and power source applications of solid electrolytes are the structure of the solid electrolyte-electrode interface and the electrochemical, rate-controlling process for ionic transport across this interface (12) . Considerable theoretical and experimental work has been reported concerning space charge polarization in liquid and solid systems where it is well established that static concentration gradients of ionic species and diffuse, charged double-layers play an important roll (13) (14) (15) (16) (17) . Most previous investigations of electrode processes in solid systems have been limited to single-phase electrodes (18) in asymmetric cells containing both non-polarizable and polarizable electrodes (19) . In this paper studies of oxygen transfer between the two-phase, liquid metal-metal oxide electrode Ga(t)-Ga 2 0 3 , and the solid electrolyte Zr0 2 (CaO) in a symmetric solid state galvanic cell are reported.
Oxygen transfer kinetics at interfaces between two-phase electrodes and solid electrolytes is important in many electrochemical applications.
Metal-metal oxide mixtures are the most commonly used reference electrodes in thermodynamic studies with solid state galvanic cells (3) , where electrode polarization is undesirable. Kinetic studies with such cells require oxygen transfer for coulombic titration experiments (20) , for measurements of oxygen diffusion in liquid and solid metals (1, 3) , and for phase boundary reaction rate determinations (21) . Nevertheless, oxygen transfer kinetics from gas manifold was,constructed of stainless steel throughout with KEL-F sealed, bellows valves. Vi ton and rubber O-rings were employed in seals between" steel and ceramic components.
Apparatus
The experimental cell configuration is 'shown schematically in Fig. 1 The electrical circuit, and purge gas manifold are shown schematically The initially 99.998% pure Ar was purified by passing it through a Centorr gas-purification furnace containing Ti chips heated to 800°C. After thorough , purging, the cell temperature was raised to the 'operating temperature at 75°C/hr to minimize thermal ?tress on the Zr0 2 (C<I)) electrolyte. The cell was equibrGl,ted overnight ,at the working temperature to ,anneal the electrodes and to all ow a check on ceH emf stabi Ii ty. During measureinents both electrode compartme~ts were sealed off from the gas manifold to prevent emf errors from gas flow sources. 
Results
Chronopot~niometric studies were' carried out with the cell, Wagner (1) has shown that the cell emf is a function of the oxygen partial pressure at the two electrode-electrolyte interfaces,
is the ionic transference number. Thus, for the synunetric cell 10n
[I] at equilibrium, the cell emf should be zero. In practice, however, a small emf, ·vocan arise from small differences· in temperature, composition or ambience between the two electrodes. when a current density i is passed through the cell, an oxygen ion flux of magnitude i/2 flows in the opposite dire~tion for which an ohmic voltage component Lpi appears across the electrolyte of thickness L and resistivity p. In addition a local overpotential n appears at each of the two electrode-electrolyte interfaces which, for small oxygen partial pressure gradients, are n'
Ie "e where Po and Po are the oxygen partial pressures far from the electrolyte 
"
The total, steady-state overpotential n t = n + n is a function of current density whose magnitude depends on the oxygen transfer kinetic mechanism.
The magnitude of Tt (i), and thus information on this mechanism, is readily deduced from V(i) measurements and independent determinations of V O ' Land p.
The cell voltage response to a long galvanostatic pulse is shown schematically in Fig. 3a . The experimentally measured voltages during, and following a pulse of 56~A/cm2 are shown in Figs. 3b and 3c , respectively.
The data is plotted as a fuJction of the square root of the incremental time following the current change to show the parabolic time dependence of the VOltage transients.
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The total steady-state overpotential n t was calculated for each chronopotentiometric experiment from the magnitude of the galvanostatic
, in Fig. 3a) . The dependence of n t on current density passed through the cell at 800°C is shown in Fig. 4 . Measurements Each oxygen transfer mechanism involves the series of kinetic steps.
The charge transfer and oxidation processes are common to all oxygen transfer mechanism, while dissolution and liquid-phase or solid-state diffusion are required by several. Usually one step will be rate limiting;
Several of the oxygen transfer mechanisms do not contribute significantly to the total oxygen flux. Oxide nucleation by mechanism fII) cannot operate at sufficiently low oxygen supersaturation of the liquid phase ( 10-2 in this study). The oxygen solution-interface diffusion mechanism (III) is probably rate limited by the interfacial diffusion process for which the interfacial oxygen permeability is less than that for the bulk liquid phase. The extent to which the meial-oxide-electrolyte reaction mechanism (IV) can operate is limited by the amount of oXidd contacting the electrolyte.
For the oxygen transfer mechanisms (V and VI), diffusive transport of point defects should be rate limiting. Cation interstitial diffusion is known to predominate over anion diffusion mechanisms in Ga 2 0 3 . In a study rf the oxidation kinetics of GaAs (27) , an oxide film ~f Ga 2 0 3 was found, to form after evaporation of arsenic. Further oxidatibn proceeds by interstitial diffusion of Ga through the oxide layer. This mechanism is -9-I corroborated by Rosenberg (28) for InSb oxidation. TheSb remains metallic because the diffusivity of Sb as well as oxygen is much lower than that of the trivalent metal in the oxide. Thus, the anion diffusion mechanism (V) is virtually inoperative compared to the cation diffusion mechanism (VI).
The ca"tion diffusivity of the oxide, however, is significantly lqwer than , the oxygen diffusi vi ty of liquid gallium (29) .
A study of the mechanisms shown schematically in Fig. 5 indicates.that I the solution-diffusion mechanism (I) should predominate in the temperature range studied, owing to the large permeabi li ty of liquid galli urn.
This mechanism is explored in the foll~ section.
The Solution-Diffusion Model l'hc solution-diffusion model for aqueous reactions hetween sparingly soluble reagents and conducting electrodes has been investigated extensively by Dunning et al. (30) , and studied experimentally by Katan et al. (17) .
The numerous local complex reaction paths operating at the electrodeelectrolyte interface can easily be combined by expressing the overall rate constant k asa function of the rate constants for the ith step, k.,
The numerical value of the coefficients, however, must be determined experlmentally, unless the rate controlling step can be deduced by relative magnitude estimates. Such estimates suggest that liquid-phase diffusion of dissolved oxygen is rate controlling in the Ga-Ga 2 0 3 electrode, and thus the overall rate constant k is approximately DO' the diffusivity of oxygen in, liquid gallium. This estimate of the rate controlling step is supported by a recent study of oxygen transfer between solid metal-metal oxide electrodes , .
and solid electrolytes, where oxygen diffusion in the metal was found to be rate contrOlling (23) .
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The oxygen partial pressures can be converted to oxygen molar solubilities by Sievert's La\',' from which it follows, for the reaction the solubility is proportional to Po ' and therefore, 
where ac/az is the average concentration gradient at the electrolyte and R, is a characteristic length. The dependence of the solubility drop on cell ,current is then it.
R, lon 2FD (8) Finally, the dependence of the electrode overpotentials on cell current is obtained by combining Eqs. 6 and 8, n RT R, , = -""2=---t. i lon 4F Dc O (9) , An identical expression applies to the second electrode. The ratio n Ii is the specific electrode resistance R , . n All coefficients in Eq. 9 are experimentally known except for the oxygen permeability of liquid gallium, Dc O ' and the characteristic diffusion . 0 -10 Thus, the permeabili ties at 800 and 900 Care 1.11 x 10 and -10 6.49 x 10 ,respectively.
A general dependence of the local overpotentia1 on temperature and current density for the solution diffusion model can now be found by combining thepermeabi Ii tyEq. 12 with Eq. 9, for t. ~ l, Ion Unlike the overpotentia1 resistance per unit area (R j= nYi), the local n electrode resistivity is independent of the electrode structure, and is a property of the oxygen transfer through the liquid phase.
. ;,~.,
Ga-Ga 2 0 3 Electrode Properties
If the solution-diffusion mechanism controls oxygen transfer between Ga-Ga 2 0 3 electrode and the solid electrolyte with dissolved oxygen diffusion in liquid gallium as the rate controlling step, then the interfacial transfer resistivity p ,should be given by Eq. 14. This rate control can be tested n by comparing experimental data for n' /i with p " calculated from Eq. 14.
n I
The effective diffusion length required is then given by 0'
equals 2162 ohm-cm, whereas the measured n /i ~s 3.8 ohm-cm .
The diffusion length deduced from these data is then
This diffusion-lengt;h is consistent with the actual electrode structure in 
The time dependence of the local electrode overpotential is then I A linear dependence of n'
n' (tj a n' (OO),j20t It' . The total oxygen flux transferred during theexperirilents is not expected to significantly alter the electrode structure at the solid electrolyte inter- ..
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